Black carbon (BC) aerosol emitted by boreal fires has the potential to accelerate losses of snow and ice in many areas of the Arctic, yet the importance of this source relative to fossil fuel BC emissions from lower latitudes remains uncertain. Here we present measurements of the isotopic composition of BC and organic carbon (OC) aerosols collected at two locations in interior Alaska during the summer of 2013, as part of NASA's Carbon in Arctic Reservoirs Vulnerability Experiment. We isolated BC from fine air particulate matter (PM 2.5 ) and measured its radiocarbon (Δ 14 C) content with accelerator mass spectrometry. We show that fires were the dominant contributor to variability in carbonaceous aerosol mass in interior Alaska during the summer by comparing our measurements with satellite data, measurements from an aerosol network and predicted concentrations from a fire inventory coupled to an atmospheric transport model. The Δ 14 C of BC from boreal fires was 131 ± 52‰ in the year 2013 when the Δ 14 C of atmospheric CO 2 was 23 ± 3‰, corresponding to a mean fuel age of 20 years. Fire-emitted OC had a similar Δ 14 C (99 ± 21‰) as BC, but during background (low fire) periods OC (45 to 51‰) was more positive than BC (À354 to À57‰). We also analyzed the carbon and nitrogen elemental and stable isotopic composition of the PM 2.5 . Fire-emitted aerosol had an elevated carbon to nitrogen (C/N) ratio (29 ± 2) and δ 15 N (16 ± 4‰). Aerosol Δ 14 C and δ 13 C measurements were consistent with a mean depth of burning in organic soil horizons of 20 cm (and a range of 8 to 47 cm). Our measurements of fire-emitted BC and PM 2.5 composition constrain the end-member of boreal forest fire contributions to aerosol deposition in the Arctic and may ultimately reduce uncertainties related to the impact of a changing boreal fire regime on the climate system.
Introduction
Black carbon (BC) aerosol is a major climate forcing agent [Hansen et al., 2000; Jacobson, 2001; Ramanathan and Carmichael, 2008] . A recent assessment suggests that BC is the second most important climate warming agent in the present atmosphere after CO 2 , with a total radiative forcing of about 1.1 W m À2 [Bond et al., 2013] . BC originates from incomplete combustion of biomass and fossil fuels and contributes directly to atmospheric warming by absorbing and scattering solar radiation [Penner, 1995; Liousse et al., 1996; Myhre et al., 2013] . Combined with organic carbon (OC) and other aerosol types, BC also influences climate by means of semidirect and indirect effects on clouds [Ackerman et al., 2000; Lohmann and Feichter, 2005; Cozic et al., 2007; Spracklen et al., 2008; Bauer et al., 2010; Koch and Del Genio, 2010; Ghan et al., 2012; Ward et al., 2012; Tosca et al., 2014] .
Within the Arctic, warming from BC aerosols is amplified by deposition on snow and ice surfaces, which reduces surface albedo, increases surface solar heating, and accelerates snow and ice melt [Wiscombe and Warren, 1980; Flanner et al., 2007 Flanner et al., , 2009 Hadley and Kirchstetter, 2012; Lee et al., 2013; Jiao et al., 2014] . Several modeling studies have attempted to quantify the radiative forcing of BC on snow and ice [Flanner et al., , 2009 Koch et al., 2009; Skeie et al., 2011; Wang et al., 2011] . In a metaanalysis, Bond et al. [2013] estimated that the BC snow and ice albedo forcing for the industrial era is 0.13 W m À2 with a 90% uncertainty range of 0.04 to 0.33. Because of strong local albedo feedbacks from melting, the efficacy of the BC snow and ice albedo forcing (i.e., the associated change in equilibrium global mean temperature MOUTEVA ET AL.
BOREAL FIRE-EMITTED BC AEROSOL DYNAMICS 1 per unit of radiative forcing compared to equivalent ratio for atmospheric CO 2 ) is estimated to be 2-4 [Hansen and Nazarenko, 2004; Flanner et al., 2007] . Thus, mitigating BC emissions may be important in slowing the observed rapid rate of Arctic warming [Quinn et al., 2008; Penner et al., 2010] . Two important questions remain with respect to the design of effective mitigation policy for BC: (1) What is the relative contribution of fire and fossil sources to BC deposition in different parts of the Arctic? and (2) How will climate change modify these sources, thus contributing to positive or negative feedbacks?
Measurements of BC in arctic snow indicate that boreal forest fire emissions can be an important component of the deposition flux, based on the signature of covarying tracers and optical properties [Hegg et al., 2009 [Hegg et al., , 2010 Doherty et al., 2010] . Chemical signatures of boreal forest fire emissions have been preserved in Greenland ice records [McConnell et al., 2007] , and there is some evidence that widespread surface melt events cooccur with deposition of BC from fires [Keegan et al., 2014] . Boreal fires can release a large amount of radiative energy [Levine and Cofer, 2000; Val Martin et al., 2010] , leading to the development of convective smoke columns that often extend above the planetary boundary layer [Fromm, 2005; Damoah et al., 2006; Kahn et al., 2008; Val Martin et al., 2010] . The injection of plumes into the free troposphere increases the likelihood of long-range transport [Forster et al., 2001; Turquety et al., 2007; Chen et al., 2009] . Modeling studies by Stohl et al. [2006 Stohl et al. [ , 2013 indicate that during the summer, boreal forest fires are the dominant source of BC in the Arctic. Although atmospheric BC concentrations are much lower in summer compared to late winter and early spring [Sharma, 2004] , deposition on snow and ice during summer months has a disproportionate influence on the surface radiation budget because of higher levels of downwelling shortwave radiation and the prevalence of strongly reflective low-level stratus cloud decks Flanner et al., 2007] . Flanner et al. [2007] estimated that in a high boreal burning year (1998) about 35% of the total high-latitude BC forcing was due to boreal fires.
While it is clear that boreal forest fires can significantly contribute to the BC transported into the Arctic, current estimates of boreal fire BC emissions remain uncertain and poorly constrained by measurements. Bottom-up model estimates of carbon emissions are uncertain because of challenges in modeling fuel loads and depth of burn (and thus fuel consumption) in organic soil layers of boreal forests [French, 2004; Soja, 2004; Turetsky et al., 2010; Rogers et al., 2014; Veraverbeke et al., 2015] . Emission factors of BC production per unit of combusted biomass are known to vary as a function of fuel type, fuel moisture content, and flaming versus smoldering combustion phases, further increasing the range of possible estimates [Reid et al., 2005; Koch et al., 2009; Akagi et al., 2011; French et al., 2011; Bond et al., 2013; Yokelson et al., 2013; Kukavskaya et al., 2013; Davis et al., 2015] . Within the atmosphere, additional uncertainties are introduced from difficulties in simulating BC aging, atmospheric transport, and rates of dry and wet deposition [Croft et al., 2005; Koch et al., 2009; Xian et al., 2009; Vignati et al., 2010; Bond et al., 2013] .
Future changes in the boreal fire regime have the potential to contribute to climate feedbacks [Randerson et al., 2006; Bonan, 2008; Bowman et al., 2009; Rogers et al., 2015] by affecting BC emissions and deposition on snow, glaciers, sea ice, and ice sheets [Hansen and Nazarenko, 2004; Flanner et al., 2007; Ramanathan and Carmichael, 2008; Stone et al., 2008; Ward et al., 2012; Marks and King, 2013] and by influencing atmospheric chemistry [Levine and Cofer, 2000; Spracklen et al., 2008; Palmer et al., 2013] and surface biophysics [Liu, 2005; Amiro et al., 2006; McGuire et al., 2006; Liu and Randerson, 2008; Jin et al., 2012; Oris et al., 2014] . Fire frequency and intensity are projected to increase during the remainder of the 21st century as a consequence of longer fire seasons and larger vapor pressure deficits in the middle of the growing season [Amiro et al., 2009; Balshi et al., 2009; Euskirchen et al., 2009; de Groot et al., 2013; Flannigan et al., 2013; Boulanger et al., 2014] . The net effect of these changes on regional and global climate remains uncertain and requires the development of new approaches for quantifying the strength of the various feedback pathways.
Isotopic constraints on fire and fossil fuel contributions have the potential to reduce uncertainties in the partitioning of the total aerosol load, and thereby forcing, measured at remote locations, either in the atmosphere [e.g., Wang et al., 2011] or in snow [e.g., Hegg et al., 2009 Hegg et al., , 2010 . The use of radiocarbon ( 14 C) measurements is a particularly effective approach because of the large contrast between fossil fuel (which is 14 C free) and biomass burning emissions (which has a 14 C/ 12 C ratio proportional to atmospheric CO 2 at the time of carbon fixation) [Reddy et al., 2002] . Although it has been shown that 14 C can successfully be used to partition BC sources (see Table 1 for a summary of studies), the 14 C/ 12 C end-member for biomass burning is not often . Aboveground thermonuclear weapons testing produced large quantities of 14 C in the 1950s and early 1960s causing a sudden twofold increase in the 14 C content of the Northern Hemisphere atmosphere [Telegadas, 1971; Nydal and Lövseth, 1983] . Since the test cessation of aboveground weapons in 1963, the 14 C/ 12 C ratio of CO 2 has gradually declined as a consequence of exchange with ocean and land reservoirs and dilution by fossil fuel emissions [Suess, 1955; Levin et al., 2010] . The changing 14 C/ 12 C ratio of the atmosphere has led to a nonuniform and time-evolving labeling of terrestrial ecosystems as a consequence of carbon flow from the atmosphere through photosynthesis into plant, litter, and soil organic matter pools that have widely varying turnover times [Trumbore, 2000] .
The heterogeneity of carbon ages within ecosystems makes it challenging to estimate the 14 C/ 12 C ratio of fire-emitted aerosols. In boreal forests, further complications arise because organic soils have highly variable 14 C/ 12 C and are known to comprise the vast majority of carbon consumed by fire [Dyrness and Norum, 1983; Kasischke et al., 1995; Rogers et al., 2014] . The 14 C/ 12 C ratio of organic soils increases with depth because carbon farther from the surface is often older and thus was fixed at a time when the 14 C/ 12 C of atmospheric CO 2 was higher [Trumbore and Harden, 1997; Carrasco et al., 2006; Schuur and Trumbore, 2006] . This pattern often reverses in deeper soil horizons where the carbon content originates from plant fixation prior to the bomb era and also from the cumulative effects of radioactive decay. As a consequence of these vertical gradients, the 14 C/ 12 C ratio of emissions is expected to be a nonlinear function of fire severity.
Here we present results from direct measurement of BC and total carbon aerosol from wildfires in interior Alaska during the summer of 2013, collected as a part of NASA's Carbon in Arctic Reservoirs Vulnerability Experiment (CARVE). We isolated BC from fine particulate matter (PM 2.5 ) using the Swiss_4S protocol [Zhang et al., 2012] . Improvements in the protocol described by Mouteva et al. [2015] allowed us to accurately quantify the 14 C/ 12 C ratio of the aerosol samples, along with uncertainties introduced from sample processing. We show that fires were the dominant contributor to variability and aerosol mass in interior Alaska during the summer of 2013 by combining our measurements with satellite observations and atmospheric models. We find that the 14 C/ 12 C of BC aerosol during periods dominated by fire emissions was considerably higher than measurements from atmospheric CO 2 at Point Barrow. Taking advantage of the synoptic-scale temporal variability, we use a Keeling Plot approach to estimate the isotopic composition of the fire aerosol end-member. Additional aerosol and soil organic matter elemental and isotopic measurements indicate that aerosols provide information about the depth of burning in organic soils and that combustion and atmospheric processing enrich the δ 15 N of fine particulate matter.
Methods

Study Sites
We collected aerosol samples at two locations in interior Alaska during the summer of 2013 (27 June to 10 August). One site was located at Caribou Poker Creek Long-Term Ecological Research Station (hereafter referred to as "Caribou"; 65.13°N, 147.45°W) and the other at Delta Junction Agricultural and Forestry Experimental Site (hereafter "Delta"; 63.97°N, 145.40°W). These two locations, separated by 168 km, were selected to enable sampling of fire-emitted aerosols in different areas of interior Alaska (Figure 1a ).
To help relate carbonaceous aerosol measurements to soil emissions, we also analyzed a set of four soil profiles collected in August of 2012 in unburned (control) areas near the Gilles Creek fire perimeter (C02: 64.33°N, 145.88°W; C04: 64.31°N, 145.94°W; C05: 64.32°N, 145.89°W; C06: 64.36°N, 145.58°W), described by Rogers et al. [2014] . The Gilles Creek fire burned during May of 2010 and covered 78.4 km 2 . We chose to analyze soil cores from four nearby control sites, representing the ecosystem types burned during the fire. These included the following: (1) lowland black spruce (Picea mariana (Mill.) BSP) underlain with permafrost, (2) lowland black spruce without permafrost, (3) upland black spruce, and (4) mixed white spruce (Picea glauca (Moench) Voss) and aspen (Populus tremuloides Michx.) forests.
Aerosol Sampling
We used high-volume total suspended particulate samplers (HIVOL-AMCLD, Thermo Environmental Instruments, Franklin, MA, USA) with PM 2.5 impactor plates (TE-230-QZ, Tisch Environmental, Cleves, OH, USA). The aerosol Global Biogeochemical Cycles 10.1002/2015GB005247 samplers were operated at a volumetric flow rate of 1300 L min À1 to yield a PM 2.5 sample on a 20 cm × 25 cm quartz microfiber filter (2500 QAT-UP, Pallflex Tissuquartz, Pall, Port Washington, NY, USA). Prior to use, sample filters were prebaked at 500°C for 4 h, wrapped in aluminum foil and stored in sealed plastic bags to prevent contamination. One slotted microquartz fiber filter (TE-230-QZ, microquartz slotted collection substrates, Tisch) was installed in the aerosol sampler impactor head per sampling period to remove particles with an aerodynamic diameter greater than 2.5 μm. The impactor filters were only used for sizing, and were discarded following sampling. A blank filter (1/4 of a prebaked sample filter) was mounted on the inside of each aerosol sampler housing with no gas flow during each sampling period to serve as blank for volatile organic carbon take-up. After collection, sample filters and blanks were wrapped in aluminum foil, packed into airtight plastic bags, and stored at À20°C. Creek fire is shown in blue. The fire perimeter data were obtained from the Alaska Interagency Coordination Center (AICC). Of the active fires detected by MODIS, 89% were located within the perimeter of fires reported in the AICC Large Fire Database. For the 11% that were not inside these perimeters, most were located in close vicinity (within 1 km) of the perimeter edge.
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Atmospheric sampling intervals for individual filters ranged from 2 to 19 days ( Table 2 ). The sampling time of aerosol collection varied to allow accumulation of sufficient BC aerosol for 14 C analysis and was based on visual inspection of the filter loading. We collected 14 aerosol samples: 8 at Caribou and 6 at Delta.
Sample Analyses 2.3.1. Isolation of BC From PM 2.5
To isolate and measure the BC content of each aerosol sample from the organic carbon (OC) fraction, we used a thermo-optical OC/EC analyzer (Sunset Laboratory Inc., Tigard, OR, USA) with the "Swiss_4S" thermal-optical protocol [Zhang et al., 2012] . The Swiss_4S protocol enables physical separation of BC from the total carbonaceous aerosol with minimal contamination from nonsample carbon [Zhang et al., 2012; Mouteva et al., 2015] . A simple and efficient vacuum line was coupled to the OC/EC analyzer, allowing us to cryogenically trap the evolving CO 2 during the thermal-optical analysis for subsequent 14 C measurements [Mouteva et al., 2015] . Aerosol filter samples were introduced into the OC/EC analyzer as 1.5 cm 2 filter punches (1 cm × 1.5 cm) on a flat quartz spoon. Punches were washed with Milli-Q water (Synergy 185, EMD Millipore, Billerica, MA, USA) prior to analysis to remove water soluble OC and minimize charring.
Δ 14 C Analysis of Black Carbon in PM 2.5
The BC-derived CO 2 was quantified manometrically and sealed into a Pyrex ampoule. On another vacuum line, the CO 2 was converted to graphite using the hydrogen reduction method specifically optimized for ultrasmall samples [Santos et al., 2007] . The 14 C content of BC was measured via accelerator mass spectrometry (AMS) at the W. M. Keck Carbon Cycle Accelerator Mass Spectrometry laboratory (KCCAMS) of UC Irvine, alongside graphitization standards and blanks. We used the Δ 14 C notation (‰) for the presentation of our results (equation (1)):
where y is the year of 14 C sampling and FM is the fraction modern, or the 14 C/ 12 C ratio of the sample divided by the 14 C/ 12 C ratio of the oxalic acid I standard measured in 1950 ( 14 C/ 12 C oxÀI = 1.176 ± 0.010 × 10 À12 ) corrected for mass-dependent fractionation [Stuiver and Polach, 1977] , 8267 years is the mean lifetime of 14 C, and 1950 is the reference year.
We applied 14 C corrections to account for carbon introduced during the analytical procedure using filter blanks and 14 C measurements of BC reference materials [Mouteva et al., 2015] . For BC samples during high fire periods (n = 6), the fraction of extraneous carbon mass added during the analysis procedure (and corrected for) was 15 ± 9%. Note that due to the small sample size of BC aerosol (on the order of a few Global Biogeochemical Cycles 10.1002/2015GB005247 micrograms), even small amounts of extraneous carbon can significantly contribute to uncertainties in the Δ 14 C measurement [Mouteva et al., 2015] . As a result, uncertainties reported below for the Δ 14 C of BC are considerably larger than those for total carbon (TC). 2.3.3. Δ 14 C Analysis of Total Carbon in PM 2.5 Multiple punches (n = 2-18, based on carbon content) were taken from each sample and analyzed for the Δ 14 C of the total carbon (TC) on the filter. The samples were sealed with CuO under vacuum in precombusted, 9 mm OD quartz tubes and combusted at 900°C for 3 h. Since the filter's TC content was much higher than the BC content, TC samples were graphitized using a modified sealed tube zinc reduction method [Xu et al., 2007] . The Δ 14 C of the TC was measured at the KCCAMS facility as described for BC above.
For samples larger than 0.3 mg C, a separate CO 2 aliquot was taken prior to graphitization for δ 13 C analysis (see section 2.3.4) with isotope ratio mass spectrometry (IRMS; GasBench II, Deltaplus, Thermo Scientific (Finnigan), Waltham, MA, USA). Filters were not acidified, because the δ 13 C of the bulk filters (À27.2 ± 0.2‰) did not indicate the presence of inorganic carbon.
Since the OC fraction of the aerosol is defined as the difference between TC and BC [Gelencser, 2004] , we were able to derive the 14 C content of OC by isotope mass balance (equation (2)): (3)):
where R sample denotes the heavy-to-light isotope ratio of the aerosol or soil sample and R standard is the isotope ratio of the standard (0.0112372 for Vienna Pee Dee Belemite 13 C/ 12 C standard [Gonfiantini, 1984] and 0.003676 for air 15 N/ 14 N standard [Nier, 1950] . Filter blanks of both TC and N masses, and δ 13 C and δ 15 N ratios of these blanks were used to remove TC and N introduced during the analytical procedure by isotope mass balance. To get a more representative δ 13 C result, we combined the gas bench and the elemental analyzer measurements and calculated weighted averages based on the number of filter punches used for each measurement.
Soil Sample Analyses
Each of the four soil cores was separated into three soil horizons upon collection from top to bottom: moss, fibric, and mesic. Soil samples were dried, weighed, and homogenized with a Wiley mill with a 40 μm sieve. Bulk density and %C content were measured by Rogers et al. [2014] . Aliquots of the homogenized soils from each horizon were weighed out and analyzed for their TC and N elemental composition and stable isotopes δ 13 C and δ 15 N by EA-IRMS. Separate aliquots were weighted out, graphitized via zinc reduction [Xu et al., 2007] and analyzed for their 14 C content by AMS. All of the measurements represent a vertical average for each homogenized soil horizon.
Remote Sensing of Fire Activity
To quantify the daily number of active fire/thermal anomalies in interior Alaska during the study period, we used imagery from the Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA's Aqua and Terra satellites. Our domain was defined to encompass a region spanning 58°-71.5°N and 141°-171°W, with the majority of fires occurring in black spruce forests in the interior. We obtained the global monthly fire location product (MCD14ML) at 1 km resolution from the University of Maryland Active Fire Products website at ftp:// fuoco.geog.umd.edu. MCD14ML is a list of the combined Terra and Aqua MODIS Level 2 swath MOD14/MYD14 active fires and includes information about the location of the centroid of each thermal anomaly detection, scan angle, fire radiative power, and a quality flag representing the data confidence level.
Since the commission error of the MCD14ML product is low in boreal forest ecosystems, we used all of the Global Biogeochemical Cycles 10.1002/2015GB005247 active fire/thermal anomaly observations with low, medium, and high confidence to quantify the temporal dynamics of fire activity.
Model Predictions of BC Concentrations
Black carbon emissions from fires were modeled by combining the Alaska Fire Emissions Database (AKFED) model [Veraverbeke et al., 2015] with the coupled Weather Research and Forecasting-Stochastic Time-Inverted Lagrangian Transport (WRF-STILT) model [Henderson et al., 2015] . AKFED is an empirical model of carbon consumption by fire for Alaska with a spatial resolution of 450 m and a temporal resolution of 1 day [Veraverbeke et al., 2015] . WRF-STILT is a tool that can be used to calculate backward trajectories of trace gas or particulate fluxes [e.g., Nehrkorn et al., 2010] . Carbon emissions from AKFED were converted with an emission factor of 0.5 g BC per 1 kg biomass, based on Akagi et al. [2011] , and integrated with the WRF-STILT model to estimate BC concentrations from fires at the Caribou and Delta aerosol sampling stations. We used the WRF-STILT simulations coupled with AKFED emissions to provide a qualitative estimate of periods of high and low fire emissions. Estimates of BC from these simulations likely had a high bias because the version of WRF-STILT used here did not include an explicit representation of wet or dry aerosol deposition and assumed that all fire emissions were injected in the lower half of the boundary layer.
Comparison With Measurements From the Interagency Monitoring of Protected Visual Environments Network
We compared our BC and OC time series with observations from the Interagency Monitoring of Protected Visual Environments (IMPROVE) aerosol network [Malm and Sisler, 1994] . We obtained observations from three IMPROVE stations north of the 
Results
Fire Activity and Carbonaceous Aerosol Concentrations
The 2013 fire season in interior Alaska was characterized by two periods of high fire activity, as described using the daily sum of fire radiative power measured by MODIS sensors on Terra and Aqua satellites (Figure 1b ). The first high fire period occurred during 17 June to 8 July (day of year 168 to 189) and overlapped with the beginning of our aerosol measurement campaign. A second period occurred during 1-14 August (day of year 213 through 226) and overlapped with our final set of sampling intervals. A middle period with little or no daily fire activity from 8 July to 1 August (day of year 190 through 212) was characterized by several precipitation events and lower vapor pressure deficits.
At both stations, the concentrations of BC and OC covaried with the timing of fire activity (Figures 2a-2d and Table 2 ). The highest detected BC concentrations were 1.12 μg/m 3 for Caribou during 7-11 July and 1.31 μg/m 3 for Delta during 28-30 June, with both maxima overlapping with the first high fire period. Elevated BC concentrations were also detected during the second high fire period, with 0.11 μg/m 3 measured at Caribou during 1-8 August and 0.13 μg/m 3 at Delta during 7-10 August. Compared with the relatively low BC concentrations measured during middle to late July (denoted as background samples in Table 2 ), the first high fire period was associated with an order of magnitude increase in BC, while the second high fire period had a 50% to 290% increase.
The OC and TC concentrations followed a similar temporal pattern as BC (Figures 2c and 2d and Table 2 ), indicating that all of the components of carbonaceous aerosol load were responding to the same set of aerosol emission and atmospheric transport processes. The highest OC concentrations were 25.5 μg/m 3 for Caribou and 17.5 μg/m 3 at Delta and were measured during the same periods when BC concentrations were highest (Figures 2c and 2d) .
Three types of supporting information provided evidence that fires were the dominant contributor to the aerosol variability observed at these stations and that impact of fires on aerosols was widespread in Alaska Global Biogeochemical Cycles 10.1002/2015GB005247 during the 2013 summer. First, modeled BC concentrations from the fire emissions inventory (AKFED) coupled to the regional atmospheric model (WRF-STILT) predicted elevated BC concentrations from fires near the beginning and end of our sampling period, similar to the observed pattern (Figures 2e and 2f ). Since only fires from Alaska are included in AKFED, these model simulations confirmed that boreal forest fires were the primary driver of the aerosol variability measured at these locations. Second, comparison with data from IMPROVE indicated that the BC and OC measurements at Caribou and Delta had similar magnitude and temporal variability as the aerosols sampled at nearby IMPROVE stations (Figure 3) . Two of the northernmost stations-Denali National Park and Gates of the Arctic-had elevated BC and OC concentrations during late June and early July and during the first two weeks of August, corresponding to the two high fire periods observed during our sampling campaign. While our measurements of OC from Caribou and Delta were higher than IMPROVE measurements at Denali and Gates of the Arctic during early July, this difference is Global Biogeochemical Cycles 10.1002/2015GB005247 consistent with the closer proximity of the Caribou and Delta sampling stations to the perimeter of large wildland fires that burned in interior Alaska during the summer of 2013. Potassium (K) measurements from IMPROVE were elevated at the Gates of the Arctic and Denali National Park stations during these periods, which is consistent with the aerosols having a fire origin [e.g., Andreae et al., 1984] . Third, our aerosol Δ 14 C analysis, described in the following section, further confirmed that fires were the dominant contributor to the aerosol variability, since the times of highest carbonaceous aerosol concentration were also the times when Δ 14 C was most positive, indicating a strong biogenic source and a negligible fossil contribution.
Aerosol Δ 14 C Variability
The Δ 14 C of BC, TC, and the calculated OC positively covaried with concentration and was considerably more positive during the two high fire periods (Figure 4 , Table 2 ). For BC, the highest measured Δ 14 C Global Biogeochemical Cycles 10.1002/2015GB005247 was 106 ± 11‰ at Caribou and 94 ± 14‰ at Delta, while in the year 2013 the Δ 14 C of atmospheric CO 2 at Point Barrow was 23 ± 3‰ (X. Xu, unpublished data, 2015) . In comparison, minimum values of À354 ± 60‰ at Caribou and À57 ± 65‰ at Delta occurred during intervals with low fire activity (Figures 4a and 4b) . For several sampling periods, BC concentration was too small for 14 C analysis ( Table 2) .
The Δ 14 C of TC had a similar temporal pattern as BC, with more positive values corresponding to high fire periods. The highest measured Δ 14 C of TC was for samples that had the highest aerosol concentration: 115 ± 3‰ for Caribou and 87 ± 3‰ for Delta. Overall, TC had more positive values of Δ 14 C than BC, and the difference between the Δ 14 C of TC and BC was largest during low fire periods, indicating that the 14 C content of background BC was more depleted than TC. The lowest measured Δ 14 C of TC was À48 ± 3‰ at Caribou and 28 ± 3‰ at Delta; these samples had BC concentrations too low for 14 C analysis (Figures 4c and 4d) . stations. The BC concentration on some of the samples were too low for radiocarbon analysis; hence, there are more data points for TC than for BC. Data were corrected for procedural contaminations and the corresponding uncertainty is shown.
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Since BC was only a small fraction of TC mass, the calculated Δ 14 C of OC (see section 2.3.3.) was very close to that of TC during periods of high fire activity. The highest estimated Δ 14 C of OC was 116 ± 3‰ at Caribou and 88 ± 3‰ at Delta, nearly equivalent to the Δ 14 C of TC reported for these samples. The Δ 14 C of OC background samples was estimated only where Δ 14 C of BC and TC were simultaneously measured. With this constraint, the Δ 14 C of the OC background was higher than TC or BC, with values of 51 ± 7‰ at Caribou and 45 ± 4‰ at Delta (Figures 4e and 4f) . These site level differences in the background aerosol Δ 14 C may reflect a different proximity of the two stations to regional urban sources, with the Caribou station located about 35 km to the northeast of the city of Fairbanks and Delta about 153 km to the southeast (Figure 1a ).
Isolating the Δ 14 C of Fire-Emitted BC, TC, and OC
To quantify the Δ 14 C signature of fire-emitted aerosol, we used two approaches (Table 3 ). The first approach was to construct a Keeling Plot using concentration and Δ 14 C measurements for each aerosol component ( Figure 5 ). Keeling Plots have been widely used for identification of the isotopic composition of trace gases [Pataki, 2003] and to assess sources of dissolved organic carbon in marine ecosystems [Mortazavi and Chanton, 2004] . The second approach was to remove a mean background concentration and isotope ratio from the high fire samples. The background was estimated independently for each station from samples collected during periods of low fire activity. High fire and low fire samples are denoted with footnotes in Table 2 .
The Keeling Plot showed that Δ 14 C and the inverse of concentration of BC at each site were highly correlated, with R 2 values greater than 0.94 ( Figure 5a and Table 3 ). The robustness of the type II regression coefficients provided confidence that the technique successfully identified the fire end-member. Using this approach, the Δ 14 C of fire-emitted BC was estimated to be 186 ± 34‰ at Caribou and 89 ± 12‰ at Delta, where the reported error is the intercept uncertainty of the Keeling Plot. The Δ 14 C of fire-emitted TC was consistent within the uncertainty between the two stations and was lower than the BC estimate at Caribou (110 ± 16‰) and higher at Delta (100 ± 7‰) ( Figure 5b ). The Δ 14 C of fire-emitted OC, derived from estimated concentration and Δ 14 C, was much closer between the two stations: 102 ± 8‰ at Caribou and 98 ± 6‰ at Delta (Figure 5c ).
The second approach for determining the fire Δ 14 C end-member was to estimate a background aerosol concentration and Δ 14 C and then to subtract it from all of the high fire samples at each station. High fire samples were identified as having concentrations of BC greater than 0.11 μg/m 3 and TC greater than 3.20 μg/m 3 . In parallel, the background was determined separately at each station, consisting at Caribou as the mean of all samples with BC ≤ 0.09 μg/m 3 and TC ≤ 1.28 μg/m 3 and at Delta as the mean of samples with BC ≤ 0.04 μg/m 3 and TC ≤ 1.21 μg/m 3 . Note that several sampling intervals had intermediate concentrations and thus were excluded from this analysis.
Using the background subtraction approach, we estimated that the Δ 14 C of fire-derived BC (mean ± 1 standard deviation (σ)) was 168 ± 28‰ (n = 4 high fire samples) at Caribou and 81 ± 25‰ (n = 2 high fire samples) at Delta. Similarly, TC estimates were 107 ± 13‰ and 96 ± 9‰ at the two stations, and OC estimates were 102 ± 16‰ and 95 ± 9‰. Global Biogeochemical Cycles
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Averaging across the two sites and the two approaches used to estimate the fire end-member (i.e., the Keeling Plot and background removal approach), the Δ 14 C of fire-emitted BC was 131 ± 52‰ (mean ± 1σ, Table 3 ). Using the same methodology, the Δ 14 C of fire-emitted TC was 103 ± 23‰ and the Δ 14 C of fire-emitted OC was 99 ± 21‰. The uncertainty associated with these regionwide estimates originated from several sources, including (1) the sampling of different fires at the two stations, (2) temporal variations in the depth of burn into soil organic matter layers in response to variations in fire weather and other environmental controls, and (3) methodological differences in the two approaches used for isolating the fire end-member. With respect to the third error source, the Keeling Plot and background subtraction relied on different aspects of the observed time series. The two approaches, however, yielded similar estimates at each station (had overlapping uncertainty ranges), providing confidence in the final estimate.
The Mean Age of Fire-Emitted Aerosol
The Δ 14 C of the fire end-member provided a partial constraint on the age of fuels consumed by the fires during 2013. Assuming the BC originated from surface soil organic matter layers and aboveground biomass that could be represented with a single mean turnover time, and using a time series of Δ 14 CO 2 derived from measurements at Point Barrow and other Northern Hemisphere stations, we estimated that the combusted fuels contributing to Δ 14 C of BC had mean age of 20 years ( Figure 6 ). The ±1σ of BC Δ 14 C of ± 52‰ yielded an asymmetric age range of 11 to 47 years when convolved with the atmospheric record. Similarly, we estimated fuel ages of 14 years (with a range of 11 to 18 years) for TC and 13 years (with a range of 10 to 17 years) for OC.
Aerosol Elemental and Stable Isotope Composition
The C/N ratio of the PM 2.5 was elevated during high fire periods at both stations (Figures 7a and 7b and Table 4 ). At Caribou, we measured C/N ratio of 24 ± 1 (mean ± 1σ, n = 4) during high fire periods, and 10 ± 3 (n = 3) in background air. Similarly, the average C/N ratio at Delta was 33 ± 8 (n = 2) during high fire periods, and 17 ± 9 (n = 3) for the background.
To estimate and subtract the background contribution to the C/N ratio, we used the average of our TC and N measurements from the background samples and subtracted them from the high fire samples at each station (Table 4 ). This yielded high fire C/N ratios of 29 ± 2 at Caribou and 63 ± 47 at Delta. The high range observed at Delta was driven by one sample (7-10 August) Table 3 .
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with N concentration almost the same as the background. Averaging across all high fire samples at both stations, we obtained a mean fire-derived C/N ratio of 40 ± 28 (n = 6). Excluding the one sampling interval from Delta with the lowest TC and N almost equivalent to background, the fire C/N ratio decreased to 29 ± 2 (n = 5).
The δ 15 N of aerosol sampled during high fire periods also was considerably higher than levels collected during background periods (Figures 7c and 7d and Table 4 ). At Caribou high fire samples had a mean δ 15 N value of 12.2 ± 1.1‰ (n = 4) that was similar to the single value of 12.7‰ measured at Delta. During the low fire background period Caribou had a negative δ 15 N of À4.3‰ (n = 1) and Delta had a mean of 1.9‰ (n = 2). Note that the N content of many samples was too low to allow reliable isotopic analysis, particularly in the later part of the campaign (Table 4 ).
We estimated the δ 15 N of the fire end-member using our measurements from low fire background periods and mass balance calculations (Table 4 ). The background at each station was computed separately: 0.11 μgN/m 3 and À4.3‰ at Caribou and 0.07 μgN/m 3 and 1.9‰ at Delta. This approach yielded an average fire δ 15 N of 17.0 ± 3.7‰ at Caribou (n = 4) and 14.0‰ at Delta (n = 1). Combining all of the high fire samples from both stations, we estimated that mean boreal fire δ 15 N was 16.4 ± 3.5‰.
In contrast to δ 15 N, the δ 13 C of TC did not vary significantly as a function of time or location (Figures 7e and  7f) . The average δ 13 C among all samples was À27.2 ± 0.2‰ (Table 4) , which corresponds well to the δ 13 C composition of boreal forest biomass [Brooks et al., 1997] . The mean δ 13 C measured in high fire samples from both sites was the same. We did not attempt to remove a background fraction because of the low variability in the samples.
Estimating Depth of Burn From Aerosol and Soil Isotope Measurements
In each soil profile, bulk soil carbon density and Δ 14 C increased as a function of depth from the surface moss layer to the mesic horizon (Figures 8a and 8b) . For the three black spruce profiles the average Δ 14 C measured in the surface moss layer was 78‰ ± 13‰, and this increased to 189‰ ± 22‰ for samples collected Global Biogeochemical Cycles 10.1002/2015GB005247 between 15 cm and 28 cm in the mesic layer. Black spruce ecosystems are the dominant contributor to burned area and carbon emissions in boreal North America Veraverbeke et al., 2015] , and combustion of surface soil organic matter horizons is the primary source of ecosystem-level emissions [Boby et al., 2010; Turetsky et al., 2010; Rogers et al., 2014] . The mixed white spruce aspen forest soil profile had thinner organic carbon horizons with lower Δ 14 C values (Figures 8a and 8b) , which is consistent with more rapid rates of soil carbon turnover at this site [Flanagan and Van Cleve, 1983; Johnstone et al., 2010] .
Both δ 13 C and δ 15 N also increased with depth in each soil profile (Figures 8c and 8d ). The relatively low δ 13 C values in the surface layers (with a mean of À30.5 ± 1.1‰) were consistent with refixation of soil respired CO 2 by surface mosses [Flanagan et al., 1996 ]. The δ 15 N increased from À3.0 ± 0.7‰ in the surface moss layer Global Biogeochemical Cycles 10.1002/2015GB005247 to 1.3 ± 0.8‰ for the deepest mesic soil samples, which is consistent with greater recycling and preferential uptake of lighter N by mycorrhizal fungi and plants [Högberg, 1997] .
We created an average Δ 14 C soil profile by assuming that black spruce forests contributed to 70% of regional emissions [Veraverbeke et al., 2015] . We then superimposed the average aerosol Δ 14 C to estimate a mean depth of burn consistent with the atmospheric observations, assuming that aboveground components of fuel consumption were small (Figure 9a ). The Δ 14 C of BC was consistent with a depth of burn of 20 cm and propagating ±1σ yielded an asymmetrical depth of burn range of 8 cm to 47 cm. Similarly, Δ 14 C of TC was consistent with a depth of 16 cm (with a range of 8 to 19 cm), and the average δ 13 C of the TC was consistent with a depth of burning of 25 cm (with a range of 21 to 31 cm) ( Figure 9b ). Pooling all three types of aerosol isotope measurement, we estimated average depth of burn of 20 cm (with a range of 8 cm to 47 cm).
Translating this 20 cm mean depth of burn into carbon loss using the data Rogers et al. [2014] yielded a carbon consumption rate of 2.9 kg C m À2 (Figure 9c ). This value is consistent with reports of average wildfire carbon consumption from soil organic matter layers in black spruce ecosystems between 2.5 and 3.0 kg C m À2 [Kasischke et al., 1995; French et al., 2002; Boby et al., 2010; Rogers et al., 2014; Veraverbeke et al., 2015] and provides a mechanistic underpinning of the causes of isotopic variation in boreal fire aerosol. Solid black lines represent the weighted averages where soil data were available. We used a linear regression in the mesic layer to extend the estimates deeper in the soil for the purpose of comparing with the aerosol measurements (dashed grey lines). In Figure 9a the vertical pink line shows the Δ 14 C of BC, the green line shows Δ 14 C of TC, and the dashed lines show the corresponding uncertainty ranges for these aerosol measurements. In Figure 9b the vertical lines denote the δ 13 C of the TC and ±1σ uncertainty estimates. In Figure 9c the grey symbols show black spruce forest estimates and the green symbols show mixed white spruce aspen forest estimates.
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Enrichment of Nitrogen Isotopes During Combustion and Atmospheric Processing
Comparison of δ 15 N in aerosol during high fire periods with soil δ 15 N profiles suggests that there is significant δ 15 N discrimination as a consequence of combustion and atmospheric chemical processing. The depthintegrated soil δ 15 N, weighted for the respective black spruce and mixed white spruce/aspen contributions to emissions, increases with soil depth (Figure 9d ). Taking the δ 15 N of fire-emitted aerosol (δ 15 N aerosol ) and the burning of soil organic matter as the N source during combustion (δ 15 N som ), we calculated an effective discrimination [e.g., Högberg, 1997] :
Using our background-subtracted estimate of fire-emitted δ 15 N (16.4 ± 3.5‰), together with a δ 15 N of soil organic matter that corresponded to a depth of 20 cm (0.5‰), we estimated that Δ combustion was 15.8‰ (±3.5‰). Assuming deeper burning to 30 cm had the effect of reducing this estimate to 14.8‰ (±3.5‰) whereas shallower burning to 10 cm caused an increase to 18.4‰ (±3.5‰). This positive discrimination is consistent with more of the lighter isotopes of N remaining in the gas phase, and pyrodenitrification of organic N to N 2 during combustion [Kuhlbusch et al., 1991] preferentially operating on 14 N.
Discussion
Constraining Boreal Forest Fire Aerosol Contributions Using Radiocarbon
Quantifying the boreal forest fire contribution to the BC load in the Arctic has relied primarily on chemical transport modeling, based on back trajectory analysis and burned area statistics [e.g., Stohl et al., 2006; Hegg et al., 2009; Warneke et al., 2009] and/or data validation comparison with chemical tracers such as vanilic acid [McConnell et al., 2007] , ammonium [Keegan et al., 2014] , and levoglucosan [Yttri et al., 2014] in aerosol, snow, or ice samples. The measurements we report here strengthen our capacity to use 14 C as a tracer for separating fossil and wildfire contributions to BC deposition in the Arctic. Particularly for aerosols that have a significant modern fraction, an improved boreal forest fire end-member can help reduce uncertainties in source apportionment.
In past work, the Δ 14 C signature of the biomass burning end-member has often been assigned using poorly quantified assumptions about the relative age of the biomass combusted, which varies significantly between fuels, ecosystems, and regions. The biomass burning end-member is sometimes reported as a range between recently assimilated biomass (that has the same Δ 14 C as atmospheric CO 2 ) and wood for which an age distribution is prescribed (Table 1) . For wildland fires in boreal forests, particularly in North America and especially in Alaska, this approach is problematic because the primary fuel consumed by fires is soil organic matter that has accumulated over a period of several decades [Boby et al., 2010; Rogers et al., 2014] . By directly quantifying the Δ 14 C of fire-emitted aerosol, we address this problem for boreal fires and report for the first time direct measurements of the Δ 14 C signature of boreal fire-derived BC, TC, and OC.
The true Δ 14 C signature for biomass burning evolves through time as a result of the changing atmospheric Δ 14 CO 2 time series and the age of the organic material that is being combusted (e.g., Figure 6 ). While most of the studies listed in Table 1 use similar approaches when determining the biomass end-member, only one reports direct measurements of the biomass burning end-member: Klinedinst and Currie [1999] measured the Δ 14 C of TC from the combustion of softwood and hardwood in PM 2.5 emissions. After correcting for changing levels of atmospheric Δ 14 C, the relative age of softwood reported by Klinedinst and Currie [1999] of 19 to 21 years is in good agreement with our mean BC age estimate of 20 years, yet the origin of the combusted pool is fundamentally different. Wood burning in many cities in North America may primarily consist of tree branches and boles, whereas for boreal forest fires the predominant carbon source is organic soils. The 11 to 47 year age range we report for BC takes into account different contributions of individual fires and background variations at our two stations and is larger than the 16 to 28 year range reported by Klinedinst and Currie [1999] .
Boreal-fire-derived BC measured at Caribou was older than the fire-emitted OC at this site when estimated using either the Keeling Plot or background removal approach (Table 3) . Although differences between these components were not observed at Delta, the age difference at Caribou suggests that under some conditions Global Biogeochemical Cycles
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BC and OC aerosol production may be sensitive to different aspects of fire behavior. Flaming fires, in contrast to smoldering fires, lead to a more complete combustion and more BC production [Reid et al., 2005; Yokelson et al., 2013] . In boreal forests, higher BC/OC ratios reported during flaming fires [Mazurek et al., 1991; Conny and Slater, 2002] also may correspond to periods when atmospheric conditions are drier, enabling more complete combustion of small stems, branches, and deeper organic layers. If these fuels are older than fuels consumed during smoldering phases, then BC would be expected to have more positive Δ 14 C values. To test this hypothesis, and whether BC and OC age differences are robust, higher-resolution measurements are needed in close proximity to large boreal wildfires, preferably during contrasting periods of fire weather promoting smoldering and flaming fire behavior.
Fire-Climate Feedbacks and Implication for the Arctic
Reducing uncertainties in BC loading, deposition, and source attribution is particularly important in the Arctic during summer months, where BC climate feedbacks are most active [e.g., Sharma, 2004; Bond et al., 2013; Keegan et al., 2014] . Here we demonstrate that boreal fires in Alaska are a main source of BC in summer in a year with average burning. Over the past five decades, large fire years in Alaska have become more frequent Kelly et al., 2013] . Turetsky et al. [2010] showed that in Alaska, ground layer combustion has accelerated regional carbon losses over the past decade, owing to increases in burn area and late-season burning. With the wildfire season expected to become longer and more intense [Amiro et al., 2009; Balshi et al., 2009; de Groot et al., 2013; Flannigan et al., 2013] , the BC contribution to the Arctic climate feedbacks would also be expected to increase.
One possible outcome is that the likelihood of widespread melt events like the one observed in Greenland by Keegan et al. [2014] may increase, especially if fire plumes are injected high enough into the free troposphere.
Val Martin et al. [2010] observed a positive correlation between MODIS-detected fire radiative power and plume heights, indicating that higher plumes are the result of higher fire intensity. Under current prediction of increased boreal fire intensity Flannigan et al., 2013] one can expect deeper burning constituting more emissions and higher injection heights, thus increasing the likelihood for aerosol deposition in remote areas of the Arctic. These interactions highlight the need for future work to better understand how a changing boreal fire regime influences BC emissions and deposition.
As 14 C becomes more widely used for BC source attribution, our estimates may reduce uncertainties in BC source apportionment in the Arctic. An important future step will be to use the recent methodological improvements and the end-member data described here to quantify the contribution of boreal fires in Alaska to the BC loading and deposition in different areas of the Arctic. Using remote measurements to constrain models will improve our capacity to quantify and predict future climate forcing from BC.
Influence of Depth of Burn on Aerosol Isotopic Composition
Another important implication of this study is the possible use of aerosol Δ 14 C and soil isotope profiles to infer information about the depth of burning into the organic soils. Soil organic matter in Alaskan boreal forests is known to comprise the vast majority of carbon losses emitted during fuel consumption [Dyrness and Norum, 1983; Kasischke et al., 1995; French et al., 2002; Veraverbeke et al., 2015] . Since surface fires and subsequent smoldering in Alaskan black spruce forests can consume the ground layer biomass down to the mineral soil, with an average consumption of 40-60% of the biomass in the soil organic horizons [Dyrness and Norum, 1983; Kasischke et al., 1995] , the propagation of the 14 C bomb spike into these horizons can provide information about the contribution of different layers to the overall fuel consumption. A possible advantage of an aerosol-based approach is that remote air sampling may enable averaging over wide range of climate and landscape characteristics that are known to influence field measurements of fuel consumption [French, 2004; Kane et al., 2007; Turetsky et al., 2011] .
We used our isotope measurements of fire-emitted BC in the summer of 2013, together with soil profile measurements near the 2010 Gilles Creek fire perimeter to estimate a mean depth of burn of 20 cm and a range from 8 to 47 cm (Figure 9 ). In comparison, the AKFED-estimated average depth of burning in black spruce ecosystems for 2013 was 13 cm with a standard deviation of 4 cm. While our estimate of depth of burn is higher than the AKFED model prediction, the two estimates agree within known uncertainties. The depth of burn reported by Rogers et al. [2014] for the Gilles Creek fire ranged between 1 and 30 cm, with a mean of 19 cm in black spruce ecosystems, which also is consistent with our mean estimate. Our study provides Global Biogeochemical Cycles 10.1002/2015GB005247 evidence that the carbon isotopic composition of aerosols emitted by boreal fires is significantly influenced by the depth of burn in organic soils.
Quantitative use of aerosols to reduce uncertainties in boreal fuel consumption may be possible but would require more extensive atmospheric and soil isotopic sampling. High temporal resolution aerosol sampling during a high fire year, however, has the potential to immediately test if the depth of burning becomes progressively deeper through the fire season as a consequence of a thickening active layer and improved drainage of deeper soil horizons [Soja, 2004; Turetsky et al., 2011; Kasischke and Hoy, 2012; Veraverbeke et al., 2015] . If this mechanism is important at a regional scale, we would expect increasing levels of Δ 14 C, δ 13 C, and δ 15 N of fire aerosol as the fire season progresses. If other processes dominate, however, including seasonal changes in burning among different vegetation types or controls by synoptic-scale variations in fire weather, we would expect other patterns to emerge in the aerosol isotope tracers.
Nitrogen Isotope Discrimination During Combustion
The δ 15 N in aerosols exhibited significant enrichment during high fire periods that is likely associated with discrimination during combustion and atmospheric chemistry processes. High δ 15 N in aerosols has been observed in other studies [Kundu et al., 2010; Aggarwal et al., 2013; Mkoma et al., 2014; Pavuluri et al., 2015] , but the pathways responsible for the more positive δ 15 N measured in aerosols are not fully understood. Turekian et al. [1998] reported δ 15 N range of particular matter produced by biomass burning of tropical C3 plants of 2.0‰ to 19.5‰ in a laboratory setting. The observed discrimination during the combustion process with respect to the δ 15 N of the plant material ranged from À1.3 to 13.1‰. Turekian et al. [1998] further suggested that different nitrogenous compounds are accessed at different temperatures of heating, which could explain some of the variability in our measurements. Other studies suggest that the isotopic enrichment of 15 N is associated with atmospheric processing of aerosols, in particular, gas to particle conversion of NH 3 and NO x [Pavuluri et al., 2010; Aggarwal et al., 2013] .
Studies have reported δ 15 N data for aerosols derived from different combustion sources such as diesel (4.6 ± 0.8‰), natural gas (7.7 ± 5.9‰), fuel oil (À7.5 ± 8.3‰), coal (À5.3‰), and unleaded gasoline (average 4.6‰, ranging from À16 to 16‰) [Widory, 2007] . Our study presents the first measurements indicating the presence of δ 15 N discrimination for fire-emitted aerosols in boreal forest ecosystems and provides evidence for discrimination levels that exceed observations from the other systems.
Conclusions
We measured BC concentration together with isotopic and elemental composition of bulk aerosols in interior Alaska in the summer of 2013 during periods with high and low boreal forest fire activity. Our measurements agree with atmospheric transport model predictions and IMPROVE network observations, indicating that boreal fire emissions were a significant driver of BC and OC aerosol variability in Alaska during a year with average burning. We also measured the radiocarbon content of BC, thus being the first study to directly constrain the Δ 14 C end-member of boreal fire-emitted BC. The fire-emitted Δ 14 C signature of BC may help quantify the boreal fire contribution to the BC load in the Arctic under a changing boreal fire regime and reduce uncertainties in BC source apportionment studies. Our analysis of the elemental and isotopic composition of aerosols shows that the depth of burn in soil organic matter layers significantly influences aerosol composition. Combining Δ 14 C and δ 13 C analysis of aerosols with soil profile observations in future work may provide a constraint on spatial and temporal variations in the depth of burn and fuel consumption in boreal forest ecosystems.
